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Abstract 

The crystal and magnetic structure of polycrystalline Lao.5- x Nd x Cao^Mn03 
(0.0 < x < 0.5) samples have been investigated using magnetization, resistivity, 
transmission electron microscope, and neutron diffraction techniques. The sam- 
ples are isostructural and possess orthorhombic structure in Pnma space group. 
On lowering of temperature, the samples exhibit CE - type antiferromagnetic 
structure coexisting with a weak ferromagnetic ordering. The charge and or- 
bitally ordered antiferromagnetic phase is weakened by the growth of ferromag- 
netic phase. The evolution of structural distortions and magnetic structure at 
low temperature as a function of Nd doping exhibit a strong correlation with A 
- site disorder (a 2 ). 

Keywords: Manganites, Charge ordering, Phase separation, Neutron powder 
diffraction 

PACS: 61.12.Ld, 75.25,+z, 75.50.-y, 75.47.Lx 



1. Introduction 

Half doped manganites i?o. 5^.0.5-^^.03 a trivalent earth ion, A: a divalent 
earth ion) have been attracting considerable interest due to strong coupling 
between the charge, spin, and orbitals. The charge and spin ordering in these 
compounds is highly sensitive to several perturbations such as disorder effects 
at the rare earth (A - site) and transition metal (B - site) site, hydrostatic 
pressure, magnetic and electric held, and size of the particles 0, 0, B B|- In 
particular, substituting at A - site modifies the average A - site ionic radius 
< r a > and introduces disorder (cr 2 ) which is found to have significant influence 
on magnetic and transport properties. Disorder is expressed as a 2 — ^ Xirf— < 
rA> 2 , where Xi denotes the fractional occupancy of the A-site ion and Ti is the 
corresponding ionic radius and < r a > is the average A-site ionic radius 0|. 
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Half doped manganites with < ta >~ 1.20 — 1.263 A and disorder er 2 ^ 
10~ 3 — 10~ 2 exhibit stable ferromagnetic phase coexisting with antiferromag- 
netic phase. Modifying the ionic radii with substitutions at the rare earth 
site generally leads to a suppression of the ferromagnetic phase. This is ev- 
idenced in the following studies. The influence of doping in systems such as 
(Ndi-ySiriy) o.5Sr .5Mn03 causes reduction in both Tc and Tco |6]. In Y 
doped PrQ ^Sro^MnO^ compound, the ferromagnetic phase is suppressed, while 
the antiferromagnetic transition temperature Tn either remains stable or shows 
a slight increase , whereas with Nd doping T jv shows a reduction and Tc re- 
mains nearly stable 0. Magnetic and transport study of Lao,K,- x Ln x Sro^MnO^ 
(Ln = Pr, Nd, Gd and Y) have shown a change over from ferromagnetic metal- 
lic state to an antiferromagnetic insulating phase with increase in x Q. Sim- 
ilar studies on the effect of doping at the rare earth site in compounds with 
lower ionic radii < r A > ~ 1.14 - 1.20A and disorder cr 2 ~ 1(T 6 - 10" 4 
have been investigated. Curiale et al. have studied the effect of Pr doping in 
(La y Pri- y ) g Cao^MnOs manganites and observe a rapid decline in ferromag- 
netic transition temperature Tc and increase of the charge ordering transition 
temperature (Too) UM- ^a-NdQ.^- x La x Cao.^,MnO^ and Pra.§- x La x Cao.K,MnOz 
systems the occurrence of a reentrant ferromagnetic state on cooling and a 
marked effect of disorder on Tc has been observed 11 , 12 , IH . Most of these 



studies mainly focus on the influence of A - site disorder on magnetic transi- 
tions. The effect of disorder on the crystal and magnetic structure, including 
phase separation phenomenon, has not been studied widely. 

The phase separation behaviour observed in half-doped manganites has also 
attracted wide theoretical interest 14, Tj^. The appearance of a charge ordered 
CE-type antiferromagnetic ground state in manganites could not be reproduced 
using a superexchange model alone. The theoretical studies show that electron - 
phonon coupling (A) due to cooperative or non-cooperative Jahn- Teller phonons 
in addition to double exchange and super exchange effects was necessary to 
reproduce the phase diagram of half-doped manganites with charge-orbitally 
ordered CE-type antiferromagnetic state 16, T3| - The random substitution of 



La 3+ with Nd 3+ ions may be identified with the quenched disorder. In the 
presence of quenched disorder the hopping of e g electrons and the exchange 
interaction Jaf between t^g spins is affected due to the buckling of Mn-O-Mn 
bonds. Taking into account the fluctuations of hopping and exchange couplings, 
Monte Carlo studies reveal the coexistence of giant clusters of ferromagnetic 
and antiferromagnetic phases [HI • Variation of disorder can lead to preferential 
stabilization of one phase as compared to the other. In a similar study, which 
included the electron - phonon coupling (X) , CE- and A- type antiferromagnetic 
and ferromagnetic phases were realized as a function of A and Jaf [19]. 

The effect of A - site disorder on the nature of magnetic ordering in charge 
ordered manganites has been reported previously. However, in these studies the 
change in <r/£> and a 1 were significantly large (20L 21. 

the present study we have investigated the influence of introducing very small 
disorder (~ 10 ) in LaQ^CaQ^MnO^ compound. Towards this, we have stud- 
ied compounds in the series Lao.5— a iV dxCao ^MnO^, (0.1 < x < 0.5). The end 
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compound La . 5 Ca . 5 MnO 3 (<r A > = 1.198A) exhibits T c « 225K, T co « T N 
ks 170K, having CE - type antiferromagnetic ground state with magnetic mo- 
ment predominately oriented in the ac - plane [27], whereas in Ndo.^CaQ^MnOs 
(<ta> = 1.17A) ferromagnetic character is totally suppressed and it exhibits 
Tco ~ 240K, Tjv ~ 150K, CE - t ype antiferromagnetic ground state with mo- 
ments oriented along a or c axis [28|. We find that introducing even a small 
disorder by susbstituting La with Nd in these class of compounds results in 
pronounced enhancement of micrometer size ferromagnetic clusters coexisting 
in an antiferromagnetic matrix. 

2. Experimental Details 

The polycrystalline samples were synthesized by conventional solid state re- 
action method. The starting materials La^O-^^ MnO%^ Nd^O^, and CaCOs 
were mixed in stoichiometric ratio and fired at 1200°C for 48hrs. Samples were 
then repeatedly ground and heated at 1400°C for 48hrs. Finally, the samples 
were pelletized and sintered at 1400°C for 60hrs. Initial values of cell parameters 
for all the samples were obtained from X-ray powder diffraction at 300K with 
a Rigaku diffractometer, rotating anode type using Cu Kq radiation. Neutron 
diffraction patterns were recorded on a multi PSD based powder diffractometer 
(A = 1.249A) at Dhruva reactor, Bhabha Atomic Research Centre, Mumbai at 
selected temperatures between 22 and 300K, in the 5° < 28 < 140° angular 
range. The powdered samples were packed in a cylindrical Vanadium container 
and attached to the cold finger of a closed cycle Helium refrigerator. Rietveld 
refinement of the neutron diffraction patterns were carried out using FULL- 
PROF program [29j. Neutron depolarization measurements (X = 1.205 A) were 
carried out on the polarized neutron spectrometer at Dhruva reactor, Bhabha 
Atomic Research Centre, Mumbai with CuiMnAl (1 1 1) as the polarizer and 
Co2Fe (2 0) as analyzer. For transmission electron microscopy (TEM) stud- 
ies the samples were prepared using conventional technique of ion milling at 
3.3KV at 3° grazing incidence of the two Ar ion-guns. A LN2 based double-tilt 
sample holder (636MA-Gatan) was used for carrying out low temperature TEM 
measurements, between 98 and 300K. The magnetization measurements were 
carried out using a SQUID magnetometer (Quantum Design, USA). The zero 
field (ZFC) and field cooled (FC) measurements were carried out in an external 
magnetic field H = 0.5T. Standard four probe technique was used to measure 
the dc resistivity between 3 and 300K. 

3. Results and Discussion 

3.1. Crystal structure and distortions 

The Nd doped samples in the series LaQ,5- x Nd x CaQ,^MnO^ (0.1 < x < 
0.5) are isostructural and possess orthorhombic structure in Pnma space group. 
These compounds have perovskite structure with O ' orthorhombic insulating 
phase characterized by b//2 < a < c. In this structure cooperative Jahn - Teller 
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Figure 1: A representative neutron diffraction pattern for 

LaoANdo.iCao^MnOs (x = 0.1) sample at 300K. The continuous line 
through the data points is the Rietveld fit to the nuclear phase in Prima space 
group. The vertical tick marks below the pattern corresponds to the indexing 
of the nuclear peaks in orthorhombic structure and curve at the bottom shows 
the difference between observed and calculated intensity. 



distortions are superimposed on the rotation of MuOq octahedra [30|, [31J. Vol- 
ume exhibits nearly linear reduction as a function of Nd doping and is ascribed 
to a smaller ionic radius of Nd 3+ ions in comparison to La 3+ ions [ji^. The 
structural parameters obtained from Rietveld refinement of neutron diffraction 
patterns at 300 and 22K are summarized in table I and II, respectively. The 
disorder albeit small, displays a maximum for intermediate composition in the 
range of x = 0.2 - 0.3. 

Figure [1] shows the neutron diffraction pattern for x = 0.1 sample at 300K 
and Rietveld fit to the data. The values of lattice parameters obtained are con- 
sistent with the ones obtained from refinement of x - ray diffractionpatterns at 
300K and those reported in literature for the end compounds 27|, |28( . On low- 
ering of temperature below the charge ordering temperature Tco-, & structural 
transition to a lower symmetry monoclinic structure in space group P2\jm is 
expected, as has been reported in similar systems exhibiting charge ordering 
behavior 27( . We observe a signature of this in the form of splitting of nuclear 
Bragg reflections (2 4 2) (0 4) (4 0) below T co , as shown in figureEJ The se- 
lected portion of neutron diffraction pattern between 51.5° < 20 < 56° show that 
the splitting of nuclear Bragg reflections (2 4 2) (0 4) (4 0) in Prima space 
group to (4 4 2) (4 4 2) and (8 0) in P2i/m space group occurs below 150K. 
This signifies the transformation of orthorhombic phase in Prima space group to 
charge and orbitally ordered monoclinic phase in P2i/m space group. In P2\/m 
space group Mn 3+ and Mn 4+ ions occupy two distinct sites, in accordance with 
charge order scenario proposed in the Goodenough model [33]. However, the 
debate surrounding the charge disproportionation in the charge ordered state, 
between Goodenough [33| and Zener polaron [34, 35 1 model has not been settled 
yet in the literature. In the absence of high resolution data, we obtain similar 
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Figure 2: A selected portion (51.5° < 26 < 56°) of neutron diffraction patterns 
at various temperatures for LaQ^NdoiCaQ^MnO^ (x = 0.1) sample is shown. 
Splitting of (0 4) (4 0) (2 4 2) peak in Pnma space group to (4 4 2) (4 4 2) 
and (8 0) in P2\/m space group is evident at 22K, marking the orthorhombic 
to monoclinic structural transition. 



values for \ 2 an d R factors on fitting the diffraction pattern in both P2i/m 
and Pnma space groups. The lowering of symmetry to P2i/m space group 
requires refinement of 29 positional parameters. This reduces the reliability of 
refined positional parameters. Therefore, the low temperature crystal structure 
is refined in Pnma space group having 7 positional parameters, which yields an 
average structure as has been done in the case of x = compound using neutron 
diffraction data [27]. In samples x = 0.2 and 0.3 with higher Nd doping, splitting 
attributable to the orthorhombic to monoclinic structural transition is reduced. 
This possibly indicates the modification of charge and orbital ordering in Nd 
doped samples. The TEM measurements discussed below display the presence 
of incommensurate charge ordering below 150K for x = 0.3 sample as against 
commensurate charge ordering observed for x = sample [36]. In the Nd - rich 
end, the orthorhombic to monoclinic transition again becomes evident below 
200 and 225K for x = 0.4 and 0.5 samples, respectively. 

The temperature evolution of structural parameters, magnetization and re- 
sistivity for x = 0.1, 0.3, and 0.5 samples are shown in figures [3j HJ and [5j 
respectively. As temperature is reduced below 300K, the cell parameters, a and 
c exhibit a slight increase while b decreases drastically. This anomalous behav- 
ior of lattice parameters has also been observed in Lao.5Cao.5Af nO^ (x = 0) 
and is associated with the ordering of d z i orbitals in the a-c plane [27J ■ Similar 
behavior of cell parameters as a function of temperature is observed in samples 
with x < 0.4. The temperature dependent variation of lattice parameters in 
Ndo.sCao^MnOa (shown in figure [5ja)) exhibits behavior similar to samples 
with x < 0.4, although the lattice parameter a > c at all temperatures below 
300K, in agreement with the previously reported study [28j. The Mn-0 bond 
lengths as a function of temperature for samples x = 0.1, 0.3, and 0.5 are shown 
in figure [3^b) , |4jb), and[5jb), respectively. In samples with x < 0.2, the differ- 
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Figure 3: (a) Temperature dependence of lattice parameters and the unit- 
cell volume (b) Bond lengths as a function of temperature and (c) Vari- 
ation of magnetization and resistivity as a function of temperature for 
LaoANdo.iCao^MnOs (x = 0.1) compound is shown. The continuous lines 
are a guide for the eye. 



ence between three Mn - O bond lengths increases as temperature is reduced, 
indicating increase in distortion. However, in x = 0.3 sample, the Mn - O bond 
lengths exhibit no significant change as a function of temperature and remain 
very close to each other, indicating the suppression of JT distortions with the 
onset of ferromagnetic ordering. At higher doping with x > 0.4, Mn - O bond 
lengths display behavior similar to samples with x < 0.2. The temperature 
dependence of Mn-0 bond lengths for sample x = 0.5 is shown in figure Efb), 
and it exhibits behavior similar to x < 0.2 samples. In contrast, the Mn-O-Mn 
bond angles remain nearly constant as a function of temperature in all the sam- 
ples. To quantify the Mn-0 bond length distortion, Ajt — | J] [{d n — d) /d n ] 2 
[29j as a function of Nd doping at 22K is calculated and are given in table II. 
The bond length distortion Ajt exhibits a minimum at x = 0.3 compound. 
The minimum in Ajt coincides with the minimum evident in charge ordering 
transition temperature (Tco, obtained from the hump in magnetization) and 
resistivity values at 50K, for x = 0.3 sample. This indicates a close correlation 
between Ajt, magnetic and transport properties and is in agreement with the 
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Figure 4: (a) Temperature dependence of lattice parameters and the unit-cell 
volume (b) Bond lengths as a function of temperature and s Variation of magne- 
tization and resistivity as a function of temperature for LaQ^Ndo^Cao^MnO^ 
(x = 0.3) sample is shown. The continuous lines are a guide for the eye. 

results from a similar study on the effect of Y doping in Nd2/3Ca 1 / 3 MnC>3 (38| . 

3.2. Magnetic and Transport Studies 

The temperature dependence of magnetization, M(T), under zero field (ZFC) 
and field cooled (FC) conditions for x = 0.1, 0.3, and 0.5 samples at magnetic 
field H = 0.5T, are shown in figures [3Jc), HJc), and[5Jc), respectively. The Nd 
doped samples undergo multiple magnetic transitions as a function of temper- 
ature. On reducing temperature below 300K a peak in magnetization at T = 
235K is observed in the case of x = 0.1 sample. This coincides with the onset of 
charge ordered insulating transition and Tc as observed in x = [55} . On fur- 
ther reduction of temperature a shoulder at T = 100K occurs, which we identify 
with antiferromagnetic ordering temperature, T n- The nature of antiferromag- 
netic ordering below 100K is studied by neutron diffraction and is discussed 
below. Upon further cooling, M exhibits a sharp increase indicating another 
ferromagnetic transition at T = 45K. Although from neutron diffraction study 
no evidence for the presence of long range ferromagnetic ordering is observed 
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Figure 5: (a) Temperature dependence of lattice parameters and the unit-cell 
volume (b) Bond lengths as a function of temperature and (c) Variation of 
magnetization and resistivity as a function of temperature for Ndo^C'ao^MnOs 
(x = 0.5) sample is shown. The continuous lines are a guide for the eye. 



in x = 0.1 sample. A magnetic transition coinciding with this temperature has 
been reported in Ndi^Cai^MnO^ sample, attributed to canted antiferromag- 
netic state (39l . [40l |. The canting angle in the present compounds may be too 
small to reflect changes in the neutron diffraction experiments. However, ferro- 
magnetic nano clusters coexisting with the majority antiferromagnetic phase is 
also another possibility for the ferromagetic behavior in the antiferromagnetic 
state (4l|. In addition, a bifurcation between ZFC and FC curves is observed at 



120K. In all the samples with x < 0.3, M(T) exhibits an anomalous behavior, 
the value of M in ZFC mode is higher than FC mode. Similar behavior has been 
observed in other charge ordered manganites, attributed to the development of 
ferromagnetic ordering below Tq that does not get completely suppressed in 
the antiferromagnetic state. Therefore, the system is blocked into a metastable 
state, a feature of the first order transition and phase separated state 42|. We 
understand that this phenomena is intrinsic to systems exhibiting charge or- 
dering behavior. The transition to a charge ordered state is accompanied by a 
change in structure and therefore the resulting distortions are different across 
the transition. The difference between the ZFC and FC states essentially arises 
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from application of magnetic field in crystallographically different structures. 
Magnetic field dependent dielectric studies carried out in charge ordered sys- 
tems exhibit significant influence of magnetic field on the dielectric behavior, 
suggesting that the distortions are influenced by the magnetic field [43]. The 
peak temperature in M(T) identified as Tco shows a minimum at x = 0.3 
composition, coinciding with the minimum observed in the (Ajt) distortion 
parameter. Furthermore, at very low temperature below 20K an appreciable 
increase in M(T) is observed. Such a behavior has been ascribed to a magnetic 
contribution due to Nd 3+ sublattice. This becomes stronger and in the case 
of Nd 1 / 2 Ca 1 / 2 Mn03 this tail extends to a much higher temperature (28|. At 
higher Nd concentration (x > 0.4), the difference in M(T) for ZFC and FC 
mode is considerably reduced, indicating the absence of ferromagnetic char- 
acter. This is in agreement with previously reported magnetization study on 
Ndi/ 2 Cai/ 2 Mn03 compound [28]. 

The variation of magnetization with field, M(H), for samples x = 0.2 and 
0.3 are shown in figures |6ja) and (b), respectively. At low temperatures (10K 
for x = 0.2 and 5K for x = 0.3) the M(H) displays a narrow hysteresis loop and 
a large slope at high fields in M(H), suggesting the coexistence of ferromagnetic 
and antiferromagnetic phases. Additionally, anomalous behavior in the form 
of virgin curve lying outside the envelop curve for both x = 0.2 and 0.3 and 
a step like behavior only for x = 0.3 sample is visible. The steps are sharp 
at low temperatures and shifts to higher fields and becomes less distinct with 
increase in temperature. High resolution neutron diffraction studies carried out 
in presence of field have found that the step in M(H) in charge ordered sys- 
tems with CE type antiferromagnetic structure is accompanied by a change in 
the cell parameters 4J, |45| . Magnetic field as high as 6T is found to increase 
the ferromagnetic character, but the CE-type antiferromagnetic structure al- 
most remains undisturbed in -Pro.5Cao.5Mno.97Gao.03O3 compound. A similar 
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Figure 7: Difference of magnetization on the envelope and virgin curve as a 
function of field for Lao.^- x Nd x Cao^Mn03 series having x = 0.2, 0.3, and 0.4. 



description based on martensitic like scenario on the strain accomodation in 
phase separated manganites has been proposed to explain the step like behav- 
ior in M(H) [45l [46|. The appearance of sharp metamagnetic steps in M(H) is 
attributed to the presence of different crystallographic unit cell of phase sep- 
arated antiferromagnetic and ferromagnetic regions. At low temperatures, the 
coexistence of ferromagnetic regions in an antiferromagnetic matrix results in an 
elastic constraint effects at the interface. When the applied magnetic field favor- 
ing the growth of ferromagnetic regions become large enough to overcome the 
elastic constraints, it causes a sudden jump in magnetization. As a consequence 
of these elastic constraints, the ferromagnetic regions cannot grow continuously. 
Fisher et al. have shown that the quenched disorder induces an inhomogeneous 



metastable state and subsequent magnetization jumps in (SmSr)Mn03 [47 1. 
At T = 140K in x = 0.2 sample, the M(H) exhibits a linear behavior in the 
paramagnetic regime, while in x = 0.3 sample at 150K a narrow hysteresis loop 
is still evident, suggesting the presence of short range ordered ferromagnetic 
state. In x = 0.4 sample, the M(H) at 10K shows an extremely narrow hystere- 
sis loop and a feature of virgin curve lying outside the envelope curve, while at 
140K the M(H) exhibits a linear field dependence. The behavior of virgin curve 
lying outside the envelope curve has also been interpreted in terms of kinetically 
arrested first order phase transition and the associated features like phase coex- 
istence and metastability [48| . The extent to which the virgin curve lies outside 
envelope curve is decided by the initial conditions of two competing phases (fer- 
romagnetic and antiferromagnetic) in the H-T phase space. A larger fraction 
of ferromagnetic phase surviving metastably to zero field, upon field reversal 
would cause a larger difference between virgin and envelope curves (49| . This is 
illustrated in figure [3 where the difference between virgin and envelope curves 
is plotted as a function of Nd concentration. The difference is maximum in x 
= 0.3 in comparison to x = 0.2 and 0.4 samples. This indicates that in x = 0.3 
sample a larger fraction of the ferromagnetic state persists metastably to zero 
field upon field reversal. Therefore, at low temperature all three samples show 
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Figure 8: Plot of In p versus temperature T 1 ^ 4 for x = 0.1, 0.3 and 0.5 samples. 
The curve for x = 0.5 sample is shifted artificially to enhance clarity. 



the presence of ferromagnetic clusters in an antiferromagnetic matrix, although 
the fraction / size of these clusters is significantly larger in x = 0.3 sample. 

The temperature dependence of resistivity, /o(T), in x = 0.1, 0.3 and 0.5 com- 
positions are shown in figures [3Jc), |3Jc), and[5][c), respectively. The resistivity 
data were collected during heating and cooling cycles. Thermal hysteresis was 
not observed between the two cycles. For all the Nd doped samples temperature 
dependence of resistivity shows an insulating behavior over the entire measured 
temperature range between 50 and 315K. Below 50K resistivity is too high to be 
measurable. No significant change in p(T) with Nd doping is observed except for 
x = 0.3 sample. In this sample reduction in resistivity by nearly two orders of 
magnitude is observed in comparison to other Nd doped samples and is, shown 
in figure 0Jc) . The decrease in p(T) for x = 0.3 sample can be attributed to 
the presence of ferromagnetic regions. In literature various models have been 
proposed to explain the conduction mechanism in charge ordered manganites. 
In the temperature regime below Tco the resistivity behavior is best described 
by Mott's variable range hopping model. We find, the conduction process in sys- 
tems with localized effects is described using the variable range hopping (VRH) 
model. In this model p(T) is expressed as [50|, 



p = po exp (T /T) 



1/4 



21 



where, To is the Mott's activation energy, and is defined as To ~ k b n(e f )^ • 
In this equation, ks is Boltzmann constant, N (Ep) is the density of states at 
Fermi level, and c; is the localization length. The characteristic temperature 
To is related to the electronic density of states at the Fermi level. The In p 
versus T -1 / 4 plot for samples x = 0.1, 0.3 and 0.5 is shown in figure [5] For 
clarity the plot for x = 0.5 sample is artificially shifted. The temperature range 
of fitting is considerably reduced and shows a deviation from variable range 
hopping model below ^130K in x = 0.3 sample. This behavior may be ascribed 
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Figure 9: Selected area diffraction patterns for Lao^Ndo^Cao^MnO^ (x = 0.3) 
compound at (a) 300K and (b) 98K. 



to the presence of ferromagnetic interactions in addition to charge and orbitally 
ordered antiferromagnetic phase at low temperatures. No significant change in 
the value of To as a function of Nd doping is evident. The value of To for x = 0.1, 
0.3 and 0.5 samples are 0.544 (9) x 10 8 i<:, 0.87 (2) x 10 8 if and 1.15 (8) x 10 8 K, 
respectively. The value of To for the end compound Ndo.sCao.^MnO^ (x = 0.5) 
is fairly in agreement with the value (To « 3.4 xlO 8 ^) reported in literature 
28| . In contrast with previously reported transport and magnetization studies 
on Ndo.5^ x La x Cao.5Mn03 series |ll| , we do not observe metal to insulator 
transition in these samples though a reduction in resistivity by two orders of 
magnitude in x = 0.3 sample is found. 



3.3. TEM studies 

The influence of Nd doping on charge and orbitally ordered structure in x = 
0.3 and 0.4 sample is investigated using TEM measurements. Electron diffrac- 
tion patterns and high resolution lattice images were recorded at various tem- 
peratures between 98 and 300K. In both Nd doped samples with x = 0.3 and 0.4, 
electron diffraction patterns exhibit identical Pnma structure, showing a typical 
90° - domains of orthorhombic structure in Pnma space group. At 300K diffuse 
streaks along a* (the reciprocal-space lattice parameter) are observed and in- 
dicate a signature of high temperature charge - orbitally ordered fluctuations, 
as shown in figure |Hl[a) for x = 0.3 sample. The presence of such fluctuations 
at 300K therefore lead to an approximate Pnma structure. In the temperature 
region above TqOi we have found evidence of short range order using diffuse 
neutron scattering studies in related compounds, LaQ.^Ca^ ^^ x Sr x MnOz (23l |. 
which corroborates with the present TEM observation. As temperature is re- 
duced below 300K down to 220K, no significant difference between the selected 
area diffraction patterns is observed. On further reducing the temperature to 
150K, the short range charge ordered fluctuations is enhanced, leading to an 
onset of long range incommensurate charge and orbitally ordered phase. At 
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98K, the electron diffraction pattern shows the presence of relatively intense 
superlattice spots at positions between the Bragg peaks corresponding to Prima 
structure and is shown in figure ^h). These superlattice spots can be indexed as 
q = (1/3 — e)a*, where e is the parameter of incommensurability. By taking into 
account the orientation of e g orbitals of Mn 3+ ions, the lattice parameter along 
a-axis is doubled leading to corresponding superlattice spots. Thus it is the 
orbital ordering, in combination with charge-ordering, which causes the super- 
lattice spots [36l |. No transition from incommensurate to commensurate charge 
ordering structure is observed down to 98K. Unlike in Lao.^Cao.^MnOs (x = 
0) compound, the temperature dependent TEM study reveals that the ferro- 
magnetic to antiferromagnetic transition is accompanied by a incommensurate 
to commensurate charge ordering transition at 130K [3(|. In x = 0.4 sample, 
similar incommensurate charge ordered phase is observed at 98K. Although, in 
comparison to x = 0.3 sample the superlattice spots have much higher intensity, 
which indicates the strengthening of charge ordered phase. The occurrence of 
incommensuration in Nd doped samples indicate the presence of charge itiner- 
ancy, therefore weakening of antiferromagnetic state. 

3.4- Magnetic Structure 

The neutron diffraction pattern of x = 0.1 sample at 300 and 22K in the an- 
gular range of 5° < 29 < 70° is shown in figure ITUT a) and (b), respectively. This 
neutron diffraction pattern is representative for all the samples. On lowering of 
temperature below the respective antiferromagnetic ordering temperatures su- 
perlattice reflections are observed, similar to that of x = sample, indicating the 
antiferromagnetic nature of samples [27]. The values of refined magnetic mo- 
ment on Mn site at 22K and antiferromagnetic ordering temperature are given 
in table II. The superlattice reflections are marked with an asterisks (*) symbol 
in figure HUT b) . Particularly, reflections (0, 1, J) (J, 1, i) and (1, 1, j) are shown 
and these characterize the onset of a CE - type antiferromagnetic state. These 
superlattice reflections are indexed on a 2a x b x 2c cell in the space group 
P2i/m. In CE - type antiferromagnetic spin structure Mn occupies two distinct 
sites for Mn 3+ and Mn 4+ ions. The Mn 3+ and Mn A+ sublattices are associated 
with propagation vector (0, 0, J) and (J, 0, 2)7 respectively [27]. In this struc- 
ture, zig zag ferromagnetic chains are coupled antiferromagnetically within and 
out of plane. The model was first proposed by Wollan and Kohler [5l|. Unlike 
in the case of Y doped samples [52j , the CE - type antiferromagnetic structure 
is stable over the entire range of composition. Though, in the intermediate 
composition, where the disorder is maximum, the antiferromagnetic moment is 
considerably reduced. The temperature dependence of magnetic moment for x 
= 0.1 sample is shown in the inset of figure ITOf b). The Rietveld refinement of 
the neutron diffraction pattern at 22K indicates that the magnetic moment for 
Mn 3+ and Mn A+ sites are predominantly oriented along either a or c axis and 
have values as 2.5(2) [Lb and 2.2(1) iib, respectively. From the present neutron 
diffraction data no significant change in x 2 and magnetic R - factor is observed 
on changing the orientation of spins between a and c axis, and therefore spins 
were constrained to be orientated along a axis. Similarly, the x and z component 
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Figure 10: Neutron diffraction pattern recorded on sample 
La . 4 7Vdo.iCao.5Mn0 3 ( x = 0.1) at (a) 300 and (b) 22K. This figure is 
representative for all the samples having x < 0.5. Continuous line through 
the data points is the fitting to chemical and magnetic structure described in 
the text. The (*) symbols indicate superlattice reflections having maximum 
intensity in the CE-type antiferromagnetic state. The vertical tick marks below 
the diffraction pattern in (a) correspond to positions of Bragg reflections. 
While in (b) the upper and lower tick marks indicate the indexing of nuclear 
and CE-type antiferromagnetic phases, respectively. The inset of figure (b) 
shows the variation of antiferromagnetic site moment of Mn 3+ and Mn A+ ions 
with temperature for sample x = 0.1. The continuous lines are a guide for the 
eye. 



of magnetic moment of Mn + ions could not be refined separately, and therefore 
the orientation was constrained to be along c axis. This behavior is similar to the 
previously reported neutron diffraction study on Lao.5Cao.5M nOs compound 



by Radaelli et al. [27| . With Nd doping the reorientation of spins from ac plane 



to either a or c axis is observed. In addition, no enhancement of intensity in low 
angle fundamental Bragg reflections was visible, which indicates the absence of 
ferromagnetic ordering from the present neutron diffraction experiment. Nev- 
ertheless, the M(H) and M(T) study at low temperature for x = 0.2 and 0.3 
samples show signatures for the presence of ferromagnetism, indicating the mo- 
ment values are too small to influence the neutron diffraction data. However, 
evidence of ferromagnetic behavior in agreement with M(T) measurements is 
found using neutron depolarization measurements, discussed below. Therefore, 
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M(H) in conjunction with M(T), neutron diffraction, and neutron depolariza- 
tion studies indicate the presence of phase separation behavior, with coexisting 
ferromagnetic and antiferromagnetic phases particularly for x = 0.3 composi- 
tion. For the end compound Ndo^Cao.^MnOs (x = 0.5) the refinement of low 
temperature pattern clearly indicates that the magnetic moments are oriented 
along a axis. The value of moments for Mn 3+ and Mn 4+ are 2.4(1) fiB and 
1.8(1) fiB at 22K, with the transition temperature Tn 125K. In contrast, ac- 
cording to previously reported neutron diffraction study on Ndo ^CaQ^MnO^ 
compound the T n ~ 160K, which is higher than our reported value [28j. 

3.5. Neutron Depolarization 

The temperature dependence of magnetization in the anitferromagnetic state 
in samples x < 0.3 exhibits an increase in magnetization on lowering of tem- 
perature indicating presence of coexisting ferromagnetic and antiferromagnetic 
phases. This behavior is further probed using neutron depolarization measure- 
ments. This technique measures spatial magnetic inhomogeneities on a length 
scale from 1000A to several micrometers. In the present study, we have mea- 
sured flipping ratio R (ratio of the transmitted intensities for two spin states of 
the incident neutron spin), which is a measure of the transmitted beam polar- 
ization. R is expressed in the form , 

1 - P t DP A 
1 + (2/ - \)P % DP A 

where, Pi is the incident beam polarization, Pa is the efficiency of the analyzer 
crystal, / is the rf flipper efficiency and D is the depolarization coefficient. In 
the absence of any depolarization in sample, D = 1. PiD is thus the transmit- 
ted beam polarization. As against M(H) measurements, where the sample is 
subjected to high field, depolarization measurements provide information about 
the presence of ferromagnetic domains in low magnetic fields and therefore, does 
not disturb the magnetic ground state. Hence, depolarization measurement is 
advantageous to study the ferromagnetic behavior in samples with coexisting 
ferromagnetic and antiferromagnetic phases. 

Figure [IT] shows the temperature dependence of transmitted neutron beam 
polarization in a field of 32 Oe, for x = 0.2 and 0.3 samples. In other sam- 
ples depolarization is not observed down to lowest temperature. For x = 0.2 
a very small change in transmitted beam polarization is observed below 150K. 
In contrast to x = 0.2 sample, the x = 0.3 compound displays a significant 
depolarization below 125K, becoming nearly constant for T < 50K indicating 
presence of ferromagnetic domains. The ferromagnetic nature in x = 0.2 and 
0.3 samples observed from neutron depolarization studies explains the increase 
in magnetization in the antiferromagnetic state below 150K observed in figure 
[3(c). An estimate of domain size in the ferromagnetic region is obtained us- 
ing the expression Pf = Piexp(—a(d/S)) < <f>$ > 2 where, Pf and Pi are the 
transmitted beam and incident beam polarization, respectively, a is a dimen- 
sionless parameter (= 1/3), d is the sample thickness, S is a typical domain 
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Figure 1 1 : Temperature dependence of transmitted neutron beam polarization 
(P) for Lao.5- x Nd x Cao.5Mn03 (x = 0.2 and 0.3) in H = 32 Oe is displayed. 



length and the precession angle <j> s = (4.63 x 10~ w Oe^ 1 A~ 2 )\SB [53j. The 
domain magnetization, B is obtained from the bulk magnetization. This ex- 
pression is valid in the limit where domains are randomly oriented and the 
Larmor phase of neutron spin due to the internal magnetic field of sample < 2tt 
over a typical domain length scale. Our measurements were carried out in low 
field far away from the saturation field and therefore satisfy the assumption 
of this model. The estimated domain size for x = 0.3 sample at T = 2K is 
~ O.lfim. For higher Nd doping (x = 0.4), behavior similar to x = 0.2 sample 
is observed. The absence or low value of depolarization indicates reduction in 
ferromagnetic domain size and / or domain magnetization. This measurement 
therefore, gives a clear evidence of ferromagnetic domains coexisting in the an- 
tiferromagnetic state. The absence of contribution to the Bragg reflections in 
the low temperature neutron diffraction studies indicates that the long range 
ferromagnetic ordering is absent. Previously, evidence of nano clusters of ferro- 
magnetic origin in the charge ordered antiferromagnetic state has been reported 
fill ]. Here, we provide the evidence of fairly large ferromagnetic domains in the 
charge ordered antiferromagnetic state induced by disorder. Monte Carlo stud- 
ies show that nano sized ferromagnetic clusters in antiferromagnetic phase arise 
in the electronically phase separated state where the densities of ferromagnetic 
and antiferromagnetic phases are unequal [15]. In the case where the densities 
are equal, disorder a 2 is found to cause large micrometer size ferromagnetic 
domains in the antiferromagnetic matrix, which is evidenced from the present 
depolarization studies. Experimentally, coexistence of ferromagnetic and anti- 



ferromagnetic phase has been reported in La^.^Ca^.^MnOj, |4ll.l54j|. As against, 
the previous studies, we find that increase in disorder leads to larger size fer- 
romagnetic domains in antiferromagnetic matrix, which is in agreement with 
theoretical studies on phase separation behavior in charge ordered manganites 

Thus, based on the results presented here it is observed that upon moderate 
increase in disorder with Nd doping (x < 0.3), the charge and orbitally ordered 
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ground state is not fully suppressed. Simultaneously a ferromagnetic phase is 
found to grow, leading to a coexistence of ferromagnetic and antiferromagnetic 
phases at low temperature. Moreover, the stepwise behavior evident in M(H) for 
x = 0.3 sample corresponds to field induced diminution of charge and orbitally 
ordered antiferromagnetic phase and growth of ferromagnetic phase. These ef- 
fects are commonly observed in phase separated systems. Radaelli et al. have 
shown that for parent compound (x = 0) the charge and orbitally ordered phase 
is accompanied by an increase of ac strain (55J. With induced disorder the ho- 
mogeneous strain field is collapsed into an inhomogeneous one (as a result of Nd 
substitution) , which is accompanied by the gradual reduction of charge ordered 
phase. Theoretical studies have shown that long range homogenous strain plays 
a crucial role in stabilization of charge and orbitally ordered state in half doped 
manganites. Ahn et al. have reported that the presence of uniform strain favors 
stabilization of the charge ordered phase [56] . Recently, the significance of lat- 
tice strain and in turn the influence of disorder on strain field has been further 
elucidated in studies of bulk as well as in thin films of half doped manganites 
57 . 58l 59l 60l . 61 1 . In thin films it has been shown that epitaxial strain could 



have a strong effect on charge ordered state. Therefore, both the interior and 
exterior strains are of substantial importance in stabilizing charge and orbitally 
ordered phase. For higher Nd doping (x > 0.4), with reducing disorder the ferro- 
magnetic phase is fully suppressed while the charge ordered antiferromagnetic 
phase is favored. This behavior is in agreement with increase in Jahn Teller 
distortions (Ajt) for x > 0.4 samples. Hence, a strong correlation of small 
disorder with structural and magnetic behavior is evident. 



4. Conclusion 

We have investigated the influence of small A - site disorder (~ 10~ 4 ) on 
magnetic and transport behavior of charge and orbitally ordered Lao,^- x Nd x - 
CaQ.sMnOz (0.0 < x < 0.5) series. The disorder as a function of Nd doping 
displays a maximum in the range of x = 0.2 - 0.3 compositions. The Nd doped 
compounds possess orthorhombic structure in space group Prima at room tem- 
perature and on reducing temperature below Too exhibit a transition to lower 
symmetry monoclinic structure in P2i/m space group. The compounds un- 
dergo antiferromagnetic transition between 100 and 125K. Below TV the mag- 
netic structure is CE-type. Evidence of ferromagnetic domains coexisting with 
the CE-type antiferromagnetic ordering is found in the neutron depolarization 
and magnetization measurements. The estimated domain size in x = 0.3 sample 
at T = 2K is ~ 0.1/im. The growth of ferromagnetic phase exhibits a maximum 
for x = 0.3 compound. The Jahn - Teller distortion (Ajt) parameter exhibits 
a minimum for x = 0.3 compound. The growth of ferromagnetic state results in 
reduction in resistivity, though insulator to metal transition is not observed in 
the Nd doped samples. Therefore, the evolution magnetic and nuclear structure 
at low temperatures as a function of Nd doping exhibit strong correlation even 
with small A - site disorder (a 2 ). 
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Table 1: Structural parameters obtained from Rietveld refinement of neutron 
diffraction pattern at 300K for samples La ,^ x Nd x CaQ.^MnOz- The atomic 
sites are: La/Nd/Ca 4c[x, 1/4, z]; Mn 4a[0, 0, 0]; Oi 4c[x, 1/4, z]; 2 8d[x, y, 
z] in Pnma space group. The symbol 0\ denotes the Oxygen atom along b axis 
(apical) and 2 i and O22 are the two Oxygen atoms in the ac-plane (equatorial). 



Refined 
parameters 




x = 0.1 


x = 0.2 


x = 0.3 


x = 0.4 


x = 0.5 


a (A) 




5.404 (1) 


5.399 (1) 


5.391 (2) 


5.395 (2) 


5.3703 (9) 


b(A) 




7.616 (1) 


7.607 (1) 


7.609 (3) 


7.608 (4) 


7.564 (1) 


c(A) 




5.401 (1) 


5.392 (1) 


5.393 (2) 


5.374 (2) 


5.3595 (9) 


v (i 3 ) 




222.30 (8) 


221.50 (8) 


221.2 (2) 


220.6 (1) 


217.71 (6) 


<r A > 




1.1927 


1.1874 


1.1821 


1.1768 


1.1715 


a 2 x 10- 4 




3.8 


3.92 


3.41 


2.35 


0.723 


La/Nd/Ca 


X 


0.020 (1) 


0.018 (1) 


0.014 (2) 


0.026 (2) 


0.0292 (8) 




z 


0.490 (2) 


0.500 (5) 


0.484 (3) 


0.496 (4) 


0.493 (2) 


o 1 


x 


0.493 (2) 


0.495 (3) 


0.499 (4) 


0.481 (2) 


0.488 (1) 




z 


0.559 (2) 


0.565 (2) 


0.557 (3) 


0.569 (3) 


0.564 (1) 


o 2 


X 


0.278 (1) 


0.277 (1) 


0.287 (2) 


0.281 (2) 


0.284 (1) 




y 


0.0319 (8) 


0.030 (9) 


0.032 (2) 


0.031 (1) 


0.0349 (7) 




z 


0.220 (2) 


0.222 (2) 


0.213 (3) 


0.219 (2) 


0.2145 (9) 


Mn ~ O x (A) 




1.931 (1) 


1.935 (2) 


1.927 (3) 


1.941(3) 


1.923(1) 


Mn - O21 (A) 




1.930 (7) 


1.931 (8) 


1.943 (13) 


1.933 (10) 


1.930 (5) 


Mn - O22 (A) 




1.946 (7) 


1.935 (8) 


1.943 (14) 


1.932 (11) 


1.937 (5) 


Mn - Oi - Mn 






160.91 (7) 


158.74 (8) 


161.1 (1) 


157.1 (1) 


159.20 (6) 


Mn -0 2 - Mn 






160.5 (3) 


161.6 (4) 


157.7 (6) 


160.1 (4) 


157.7 (2) 
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Table 2: Structural parameters obtained from Rietveld refinement of neutron 
diffraction pattern at 22K for samples Lao ^^ x Nd x CaQ.c,MnOz- The atomic 
sites are: La/Nd/Ca 4c[x, 1/4, z]; Mn 4a[0, 0, 0]; 1 4c[x, 1/4, z]; 2 8d[x, y, 
z] in Pnma space group. The symbol 0\ denotes the Oxygen atom along b axis 
(apical) and (9 2 i and O22 are the two Oxygen atoms in the ac-plane (equatorial). 



Refined 
parameters 




x = 0.1 


x = 0.2 


x = 0.3 


x = 0.4 


x = 0.5 


a (A) 




5.415 (1) 


5.396 (1) 


5.399 (2) 


5.406 (1) 


5.386 (1) 


b(A) 




7.5203 (9) 


7.556 (1) 


7.554 (2) 


7.519 (1) 


7.475 (4) 


c(A) 




5.435 (1) 


5.421 (1) 


5.403 (2) 


5.401 (1) 


5.379 (1) 


v (i 3 ) 




221.35 (7) 


221.04 (8) 


220.4 (1) 


219.56 (9) 


216.57 (7) 


La/Nd/Ca 


x 
z 


0.020 (1) 
U.4yu J 


0.024 (2) 

n /too (o\ 
U.4yz (Z) 


0.016 (2) 

A /IOC fO\ 

U.4o0 (Z ) 


0.036 (1) 

A A on /1 \ 
U.4oy J 


0.0292 (9) 

n a 01 ( 1 "\ 
u.4yi i^i j 


Ul 


X 

z 


U.4oo (Z) 
0.561 (1) 


U.4o< (Z) 

0.562 (1) 


U.0U0 [o ) 

0.557 (2) 


U.4oo ^1 ) 

0.559 (1) 


U.4ol (1) 

0.562 (1) 


2 


X 

y 

z 


0.273 (1) 
0.0357(4) 
0.223 (3) 


0.271 (2) 
0.0329 (7) 
0.223 (2) 


0.285 (3) 
0.0316 (9) 
0.211 (3) 


0.279 (1) 
0.0348 (6) 
0.224 (1) 


0.281 (1) 
0.0354 (5) 
0.216 (1) 


A JT x 10~ 4 




1.6 (4) 


1.2 (6) 


0.8 (3) 


1.0 (4) 


1.2 (4) 


T N (K) 




100 


100 


100 


125 


125 


M ( PB ) 














fi x (Mn 3 +) 




2.5 (2) 


0.8 (4) 


1.7 (3) 


2.6 (2) 


2.5 (2) 


(Mn 4 +) 




2.2 (1) 


0.9 (1) 


0.6 (2) 


2.2 (1) 


1.8 (1) 


Mn - Oi (A) 




1.909 (1) 


1.921 (2) 


1.914 (2) 


1.908 (1) 


1.899 (1) 


Mn - 2 i (A) 




1.926 (8) 


1.913 (10) 


1.933 (16) 


1.954 (7) 


1.926 (7) 


Mn - O22 (A) 




1.968 (6) 


1.961 (10) 


1.956 (2) 


1.927 (8) 


1.950 (7) 


Mn -O x - Mn 






159.97 (5) 


159.18 (7) 


161.32 (7) 


160.14 (5) 


159.38 (5) 


Mn - 2 - Mn 






160.2 (3) 


161.6 (4) 


158.3 (7) 


159.8 (3) 


158.2 (3) 
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